Interestingly, the Trx-like2.1 active site replacement, from WCRKC to WCGPC, suppresses its capacity to use glutathione as a reductant but is sufficient to allow the regeneration of target proteins employing two cysteines for catalysis, indicating that the nature of the residues composing the active site sequence is crucial for substrate selectivity/recognition. The present study provides another example of the crosstalk existing between the GSH/Grx and Trxdependent pathways.
INTRODUCTION
In proteins, cysteines are prone to oxidation, leading for example to the formation of sulfenic acids or nitrosothiols upon reaction with reactive oxygen or nitrogen species. Overoxidation can be prevented through the formation of disulfide bridges either internal or between two distinct peptides or with the cysteine of glutathione, a process named glutathionylation (Zaffagnini et al., 2012) . All these oxidized forms are reversible and reduced back to cysteines by thioredoxins (Trxs) or glutaredoxins (Grxs), two types of thiol oxidoreductases displaying redox active cysteines in a CxxC or CxxS active site motif (Rouhier et al., 2008; Zaffagnini et al., 2012) .
These dithiol-disulfide exchange reactions are thus essential for many processes, regulating or regenerating the activity of many proteins. In most living organisms, Trxs are thought to be the major disulfide reductases, whereas Grxs preferentially catalyze deglutathionylation reactions.
The reduction of disulfide bonds is a two-step process where the first cysteine of the active site, named catalytic cysteine, performs a nucleophilic attack on the target disulfide forming a transient heterodisulfide and the second cysteine, also referred to as resolving cysteine, then reduces this intermolecular disulfide (Collet and Messens, 2010) . A few years ago, Trxs were defined as small proteins of 10 to 14 kDa with a specific WCGPC active site signature. However, the recent sequencing of many genomes, in particular from plant species, helped identifying many variations in the size of the proteins, in their domain organisation and/or in their active site sequence (Chibani et al., 2009) . The conventional Trxs have generally a low midpoint redox potential compared to other redoxins, comprised between -270 and -330 mV at pH 7.0 and an Nterminal cysteine with a pKa around 7 (Collin et al., 2003; Ren et al., 2009; Collet and Messens, 2010) . Site-directed mutagenesis established that the active site proline is a key residue determining the reducing property of Trx and that the glycine maintains the conformation of the active site (Holmgren, 1985; Eklund et al., 1991; Roos et al., 2007) . Besides, it was shown that the tryptophan preceding the catalytic cysteine contributes to Trx stability. Indeed, the altered redox potential and cysteine pKa value observed for a W28A variant of a Staphylococus aureus Trx was attributed to partial protein unfolding (Roos et al., 2010) . This tryptophan is also part of the contact area involved in substrates recognition (Menchise et al., 2000) . A few other residues have also been demonstrated to be important both for the reactivity and redox properties of Trxs.
In E. coli Trx1, Asp27 and Lys57 contribute to the lowering of the cysteine thiol group pKa (Dyson et al., 1997) . In addition, the residue (usually an isoleucine) positioned just before the conserved cis-Pro found in all members of the Trx superfamily downstream of the active site and facing it in 3D structures, is also very important since its mutation strongly modifies the redox potential, the cysteine pKa and substrate recognition (Ren et al., 2009) .
Photosynthetic organisms contain a large number of Trx isoforms (~40), as compared to non-photosynthetic organisms such as E. coli, S. cerevisiae or humans. The classical Trxs with WC[G/P]PC active sites, formerly studied, are located in several sub-cellular compartments including the cytosol (h-type Trxs, tetratricopeptide domain-containing thioredoxins (TDX)), the nucleus (h-type Trxs and nucleoredoxin), mitochondria (h-and o-type Trxs) and plastids (m-, f-, x-y-and z-type Trx, NTRc) (Meyer et al., 2005; Chibani et al., 2009; Meng et al., 2010) (Lemaire et al., 2007) . Trxs x, y, NTRc and CDSP32 (chloroplast drought-induced protein of 32 kDa) are likely involved in stress response serving as reductants for antioxidant enzymes such as thiol-peroxidases (Tpxs) and methionine sulfoxide reductases (MSRs) (Vieira Dos Santos and Rey, 2006) . Trx z is implicated in plastid development (Arsova et al., 2010) . Most plastidial Trxs with a single domain are likely maintained reduced by light through the ferredoxin (Fdx)/ferredoxin-Trx reductase (FTR) system, whereas Trxs h and o, usually found in the cytosol and in mitochondria, are reduced by NADPH via NADPH-thioredoxin reductase (NTR) (Schürmann and Jacquot, 2000; Laloi et al., 2001; Gelhaye et al., 2004; Balmer et al., 2006;  cyanobacteria. Although sharing a clear homology with other Trxs, they possess very different active site sequences, Clot exhibits a WCPDC active site, Trxs-like proteins have WCRVC or WCRKC active sites whereas Trxs-lilium most often possess GCGGC, SCGSC and WCASC active sites. The Trxs-lilium and the so-called Trx-like2 (WCRKC active site) from A. thaliana are localized in chloroplasts, most likely in the stromal fraction (Cain et al., 2009; Dangoor et al., 2009 ). However, only little biochemical information is available on these atypical Trxs. Some Trxs-lilium, though having a less negative redox potential compared to other plastidial Trxs, could constitute good reductants of 2-Cys PrxA but are poor activators of NADP-malate dehydrogenase (NADP-MDH) (Dangoor et al., 2009) .
In this study, we have investigated the transcript expression patterns of the poplar genes encoding Clot, Trxs-like and -lilium in various plant organs and we have experimentally determined the sub-cellular localization of the isoforms, for which it has not been previously performed. On the other hand, selected members, as well as protein variants constructed by sitedirected mutagenesis, were produced as recombinant proteins and purified. Using a combination of biochemical approaches and activity assays, the specificity of these Trxs vs different known target proteins (NADP-MDH, Tpxs (either glutathione peroxidases (Gpx) or peroxiredoxins (Prx)) and MSR) or vs the possible reducing systems (NADPH/NTR, NADPH/NTRc, NADPH/FNR/Fdx/FTR or NADPH/GR/GSH) was tested. While the sub-cellular localization has been addressed previously for most Arabidopsis orthologs, some doubt subsisted for a few isoforms (Cain et al., 2009; Dangoor et al., 2009 ). The analysis of protein targeting by different prediction programs suggested a cytosolic localization for poplar Clot, Trx-like1 and also for Trx-like2.1 despite the presence of an N-terminal extension in Trx-like2.1. Their sub-cellular localization was assessed by fusing the whole protein to the N-terminus of green fluorescent protein (GFP). As expected from the lack of an Nterminal transit peptide in their sequence, Clot and Trx-like1 were found in the cytosol (Fig. 1A and B). In addition, fluorescence was also observed in the nucleus. Whether this signal was due to the transient overexpression or whether it has a physiological significance will have to be further investigated. On the other hand, Trx-like2.1 was clearly targeted to the chloroplast (Fig.   1C ).
RESULTS

Expression analysis of atypical Trx genes in different poplar organs
In order to gain information about the transcript expression patterns, RT-PCR experiments have been performed using RNA extracted from different poplar organs (roots, stems, young leaves, mature leaves, petioles, stamens, female catkins and fruits) (Fig. 2) . With the exception of Trx-like1 and Trx-lilium1.2, which were not expressed or below the detection level in roots and stamens and in stems and stamens respectively, transcripts have been detected in all organs for all other Trxs tested. The transcripts of Clot, Trx-lilium1.1, Trx-lilium2.1, Trxlilium2.2 and Trx-lilium3 were present in all tissues, indicating that they are constitutively expressed (Fig. 2) . On the other hand, some transcript variations were observed for members of the Trx-like subgroup. For example, Trx-like2.1 and Trx-like2.3 transcripts were only barely detected in fruits and petioles, Trx-like2.1 being also weakly expressed in roots and young leaves. Trx-like2.2 was also less expressed in roots, petioles and stems. The fact that Trx-like2.1 was more expressed in photosynthetic organs rather than in non-photosynthetic organs is consistent with its plastidial localization.
Reductase activity of atypical thioredoxins
To characterize their biochemical properties, the mature forms (i.e. devoid of N-terminal targeting sequences when present) of all these proteins were expressed in E. coli and purified to homogeneity by conventional purification techniques, and in an untagged form unless otherwise indicated. All the recombinant proteins were produced at high level in the soluble fraction, except Trx-like1. For the latter, all attempts to solubilize the protein either by adding an Nterminal His-tag, by changing culture conditions or by co-expressing chaperones were unsuccessful (data not shown). In addition, to explore the importance of the active site for protein reactivity, some amino acids constituting the active site of two representatives, Trxlike2.1 and Trx-lilium3, have been mutated. For Trx-like2.1, the WCRKC active site has been changed into WCRKS (C45S variant) or into WCGPC (R43G/K44P variant). For Trx-lilium3, the SCGSC active site was mutated into WCGSC (S84W variant), SCGPC (S87P variant) and WCGPC (S84W/S87P variant). The reductase activity was first tested by measuring in vitro their ability to reduce insulin disulfide bridges using DTT as a reductant in comparison to poplar Trxh1 used as a positive control (Fig. 3) (Behm and Jacquot, 2000) . Although less efficient than Trxh1, Trx-like2.1 was able to reduce insulin. As expected, the activity drops down with the monocysteinic mutant Trx-like2.1 C45S indicating that the resolving cysteine is important for disulfide reduction. The remaining activity might be attributed to a reaction involving the successive nucleophilic attack of two Trx molecules. Accordingly, protein dimers were observed in non-reducing SDS-gels (data not shown). Interestingly, the Trx-like2.1 R43G/K44P variant (WCGPC active site) has an efficiency very comparable to Trxh1, showing that the dipeptide motif separating the two catalytic cysteines is very important for protein reactivity and/or substrate recognition. Among Trx-lilium isoforms, Trx-lilium2.2 was more efficient than Trxlilium1.2 and Trx-lilium3. Since the major difference is the presence of a tryptophan in the active site of Trx-lilium2.2, which is absent in the two other isoforms, we tested Trx-lilium3 variants with WCGSC, SCGPC and WCGPC active sites. None of these mutated proteins became more efficient in insulin reduction. In marked contrast with Trx-like2.1, changing the SCGSC active site into WCGPC did not improve the capacity of this protein to reduce insulin. Clot was not active at all in this classical activity assay, raising the question of its reductase activity.
Regeneration of oxidized Trxs
We further characterized the redox properties of these proteins by examining their Supplementary Fig.2 ).
The fact that some Trxs exhibited no or poor reductase activity in the presence of the various thioredoxin reductases prompted us to investigate whether they possess glutaredoxin-like activity using glutathione as a reductant. The typical HED (2-hydroxyethyl disulfide) assay was used to measure the ability of all these Trxs to catalyze the reduction of a mixed disulfide formed between glutathione and HED (Fig. 4) . Trx-like2.1 and -lilium2.2 reduced the β -mercaptoethanol-glutathione adduct with an efficiency comparable to poplar GrxC1 (CGYC active site) and GrxC2 (CPFC) used as controls. Interestingly, the monocysteinic Trx-like2.1 C45S variant was almost as efficient as the WT form, supporting the fact that, in Trx-like2.1, the second cysteine is dispensable as for most dithiol Grxs active in this assay (Bushweller et al., 1992) . Other Trxs (Trxh1, Trx-lilium1.2, WT and mutated Trxs-lilium3) did not display any recordable activity, indicating that they cannot either reduce glutathionylated molecules or use glutathione for their regeneration.
Midpoint redox potentials of atypical Trxs
Next, we have investigated whether differences in the midpoint redox potentials could explain the different capacities of these atypical Trxs to reduce insulin disulfide bonds and their ability to be regenerated or not by GSH or thioredoxin reductases. The midpoint redox potentials of these Trxs were found to be slightly different, ranging from -239 to -265 mV (Table I) .
Despite having an adequate redox potential of -255 mV, the inability of Clot to reduce insulin indicates that other factors, such as the presence of an acidic residue in the active site (WCPDC), might explain the absence of reductase activity. Trx-like2.1 has the lowest redox potential, with a value of -265 mV. The mutations achieved in the Trx-like2.1 R43G/K44P variant, which improved its capacity to reduce insulin, also affected its redox potential (-250 mV) but in an opposite way compared to our expectation. Poplar Trxs-lilium had a redox potential ranging from -239 to -247 mV, very similar to those determined for their Arabidopsis orthologs (Dangoor et al., 2009 ). In the case of poplar Trx-lilium3, the mutations introduced into the active site strongly affected its redox potential in the expected way, with decreases to -266 and -264 mV for the S84W and S87P single mutants and to -268 mV for the S84W/S87P double mutant.
Nevertheless, although the redox potential of Trx-lilium3 S84W/S87P became more electronegative and similar to conventional plant Trxs h, this change did not improve its capacity to reduce insulin.
Regeneration of physiological target proteins
As some Arabidopsis Trx-like and Trx-lilium orthologs were shown to weakly activate A. Next, to assess the specificity of these atypical Trxs towards other putative physiological target proteins, their ability to regenerate various Tpxs or MSRs was measured in coupled assays in the presence of a NADPH/NTR or a NADPH/GR/GSH reduction system (Table II) . We selected a cytosolic and two plastidial Prxs named PtPrxIIB, PtPrxIIE and PtPrxQ respectively as well as two plastidial Gpxs, PtGpx1 and PtGpx3, and three plastidial MSRs, PtMSRA4, AtMSRB2 and AtMSRB1. The catalytic and recycling mechanisms of these enzymes are well characterized. PrxIIB, PrxIIE and MSRB1 are enzymes that use a single cysteine residue in their catalytic cycle (Rouhier et al., 2002; Tarrago et al., 2009 ). The sulfenic acid formed upon catalysis is either reduced by glutathione or directly by Trxs (Tarrago et al., 2009; Tarrago et al., 2010) . PtPrxQ, PtGpx1, PtGpx3, AtMSRB2 and PtMSRA4 are enzymes that form an intramolecular disulfide in the course of their catalysis (Rouhier et al., 2004; Navrot et al., 2006; Rouhier et al., 2007; Tarrago et al., 2009) . In this case, the disulfide is usually uniquely reduced by Trxs but not by glutathione or Grxs. Trxh1, which is able to reduce all target proteins except AtMSRB1, was used as a control. Whereas all other Trxs were unable to reduce the tested target proteins, WT Trx-like2.1 as well as the C45S variant supported the activity of PtPrxIIE, PtPrxIIB and AtMSRB1 in the presence of a GSH reducing system (Table II) . The presence of Trx-like2.1 was crucial since GSH alone was not able to regenerate the target proteins, except for PtPrxIIE which was slightly reduced by GSH. Remarkably, the activities measured with Trx-like2.1 C45S
were in the same range than those obtained with the WT form (even two and three times better for AtMSRB1 and PtPrxIIE respectively), indicating that the second cysteine of Trx-like2.1 active site is not required for this GSH-dependent reaction. Although Trx-like2.1 is reduced by NTR, it did not provide electrons to PrxIIB and IIE using this regeneration system, while Trx h1 did. Regarding the Trx-like2.1 R43G/K44P variant (WCGPC active site), the two substitutions in the active site were sufficient for the protein to acquire, together with the NADPH/NTR system, the capacity to reduce most enzymes whose catalytic mechanism involves the formation of an intramolecular disulfide (PtPrxQ, PtGpx1 and 3, PtMSRA, but not AtMSRB2). Interestingly, this variant conserved the capacity to reduce both PtPrxIIB and PtPrxIIE, but in the presence of the NADPH/NTR reducing system instead of the NADPH/GR/GSH one. Note also that it lost the capacity to regenerate AtMSRB1 regardless the reducing system. These results suggest that, in the case of the two Prxs, the sulfenic acid can be directly reduced by the catalytic cysteine of Trx-like2.1 R43G/K44P variant, but not in the case of AtMSRB1, the reduction of which requires the presence of GSH.
The specific reduction of proteins using for catalysis a single cysteine, which is glutathionylated in the course of its regeneration mechanism, suggests that Trx-like2.1 should become itself transiently glutathionylated. To confirm the possibility to form a glutathione adduct, in vitro glutathionylation assays have been performed with the Trx-like2.1 C45S variant and the redox state of the protein was subsequently analyzed by mass spectrometry analyses. An untreated Trx-like2.1 C45S had the expected molecular weight of 14,020 Da, if we consider that the N-terminal methionine has been cleaved, which is most likely the case since the second residue is an alanine (Fig. 7) . A small additional peak corresponding to a molecular mass of 14,326 Da and consistent with the presence of a glutathione adduct was also detected, indicating that a small part of the protein was glutathionylated in E. coli. An oxidation treatment with GSNO, performed on a pre-reduced Trx-like2. 
Transcript expression patterns of plastidial Trxs
Transcripts coding for Trxs-like and Trxs-lilium have been detected in all poplar organs tested ( Fig. 2) Previous studies already illustrated the cross reactivity existing between the Trx and GSH/Grx reducing pathways, some Grxs being regenerated by thioredoxin reductases (Johansson et al., 2004; Zaffagnini et al., 2008) . In addition, some Trxs are reduced by GSH and/or Grx, but not by NTR. As an example, the presence of an additional cysteine residue at position 4 in poplar Trx h4 (WCGPC active site) prevents its recycling by NTR, but renders this enzyme GSH-and Grx-dependent (Koh et al., 2008) . Besides, the poplar TrxCxxS3, harboring an unusual WCMPS active site motif, is also recycled by glutathione, but the activity is extremely low, with a difference of ca 3 orders of magnitude with the present study (Gelhaye et al., 2003) . In addition, some genetic and biochemical evidence indicates that the two yeast cytosolic Trxs, though reduced by thioredoxin reductases, are apparently able to catalyze the deglutathionylation of some protein substrates (Greetham et al., 2010) . On the other hand, the finding that, in knock-out plants for the cytosolic and mitochondrial NTRs, the cytosolic thioredoxin h3 is only partially oxidized, and that buthionine sulfoximine (BSO), a specific inhibitor of glutathione biosynthesis, leads to full oxidation, indicates a direct or indirect reduction of the Trx by GSH in vivo (Reichheld et al., 2007) .
Based on sequence similarity with Grxs, Clot proteins, first identified in Drosophila as required for the biosynthesis of drosopterin, an eye pigment, were assumed to be glutathionedependent enzymes (Giordano et al., 2003) . Surprisingly, no significant activity was detected for the Clot proteins, either from poplar or Arabidopsis (data not shown). The orthologs from Saccharomyces cerevisiae (also referred to as ScGrx8) or from mammals (referred to as TRP14), which possess the same active site, are also not or very poorly able to reduce insulin and a faint activity in the HED assay was detected for ScGrx8 (Jeong et al., 2004; Eckers et al., 2009 ).
However, it has been shown that TRP14 can reduce a disulfide in the dynein light chain LC8, contributing to the inhibitory activity of LC8 toward the nuclear factor κ B (Jung et al., 2008) .
Similarly, plant Clot proteins might have very specific protein partners.
Putative physiological targets of atypical Trxs
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For the two proteins exhibiting a GSH-and/or NTR-dependent activity, Trx-like2.1 and Trx-lilium2.2, we have investigated their capacity to regenerate known plastidial members of the Tpx and MSR families. While Trx-lilium2.2 did not exhibit any significant activity, Trx-like2.1 was able to specifically regenerate the established GSH/Grx-dependent proteins (PrxIIE and MSRB1), whose catalytic mechanism relies on a single redox active cysteine, but not the strictly Trx-dependent targets (PrxQ, Gpxs, MSRA4 and MSRB2), whose catalytic mechanism involves two or three cysteines (Fig. 8) . The fact that the second active site cysteine of Trx-like2.1 is not essential for the reaction, led us to propose a regeneration mechanism, similar to the one employed by Grxs. Indeed, they generally use a monothiol mechanism where the second active site cysteine is not required, although it can modulate (either increase or decrease) protein reactivity of a Trx-like2.1 variant was examined. Contrary to our expectation, the redox midpoint potential is increased in this variant (-250 mV). However, this mutated Trx was able to reduce most of these target proteins in the presence of a NTR reducing system. This result suggests that, at least for Trx-like2.1, the presence of two basic residues in the active site sequence, replacing the usual hydrophobic residues, is of high importance for target protein recognition. However, this is not true for the interaction with NTR since WT and mutated Trx-like2.1 proteins displayed similar catalytic efficiencies. A mutational study performed with E. coli Trx1 showed that the presence of a positive charge decreases its catalytic efficiency, most likely by affecting proteinprotein interactions, although in this case, the mutation did not change the midpoint redox potential (Lin and Chen, 2004) . The fact that the redox potential is probably not the major determinant for the interaction of these atypical Trxs with their protein partners is also illustrated by the following results. Although having a redox potential of -255 mV, Clot is not reduced by AtNTRB. Thus, it might be that the presence of an acidic residue in the active site motif (WCPDC) prevents such interaction, while it could favor protein-protein interactions with other yet unknown targets. This observation also raises the question of the in vivo reduction of this cytosolic protein. In the case of Trx-lilium3, we have observed that changing the active site from SCGSC to WCGPC decreased the midpoint redox potential from -242 mV to -268 mV. This result is consistent with a study conducted on a Staphylococcus aureus Trx, showing that replacement of the active site proline 31 by a serine or a threonine changed the redox potential from -268 mV for the WT protein to -236 and -244 mV for the two mutated proteins (Roos et al., 2007) . Nevertheless, although the redox potential of Trx-lilium3 S84W/S87P became more electronegative and similar to conventional plant Trxs h, this change did not improve its capacity to reduce insulin.
All Trxs-lilium, though forming three independent subgroups, have very similar active site sequences (formed by small and uncharged amino acids) and midpoint redox potentials and they all have the capacity to reduce disulfide bonds as indicated by their insulin reductase activity. However, Trx-lilium2.2 was the only one able to activate SbNADP-MDH (less efficiently than Trx h1) and was unable to support the activity of the tested Prxs and MSRs. In addition, only Trx-lilium2.2 exhibited GSH-and NTR-dependent activities, suggesting that some specificity exists among Trx-lilium isoforms. Some differences might arise from the presence of an N-terminal extension of about 25 amino acids in Trx-lilium1.2 and a C-terminal extension of about 50 amino acids in Trx-lilium3.
CONCLUSION
This study reports the biochemical characterization of poplar isoforms belonging to three atypical Trx classes, namely Clot, Trx-like and Trx-lilium. The mutational analysis of the active site sequences of these atypical Trxs indicates that the dipeptide separating the two cysteines of the active site is an important factor for providing particular redox properties and substrate specificities toward both the reducing systems and the target proteins. In particular, the positively charged nature of the Trx-like2.1 active site is a major determinant for its capacity to reduce specific MSR and Tpx at the expense of GSH. While all proteins, except Clot, exhibit disulfide reductase activity with insulin, only two proteins (Trx-lilium2.2 and Trx-like2.1) exhibited a detectable activity with the potential plastidial partners that were tested. Hence, the question of the nature of the physiological targets and roles of all these proteins should now be addressed using other approaches, such as the study of knock-out and knock-down plants and in vivo or in vitro methods to identify protein partners. For instance, beside their usual disulfide reductase activity, it has recently been shown that some plastidial Trx f and m have chaperone properties (Sanz-Barrio et al., 2012) .
MATERIALS AND METHODS
Intracellular localization via GFP Fusion
The full-length coding sequences of PtClot, PtTrx-like1 and PtTrx-like2.1 were cloned into the NcoI and BamHI sites of pCK-GFP S65C using the primers detailed in supplemental Table I . The sequences, fused to the N-terminal part of GFP, are under the control of a double 35S promoter (Menand et al., 1998) . Nicotiana benthamiana cells were then transfected by bombardment of leaves with tungsten particles coated with plasmid DNA, and images were obtained with a Zeiss LSM510 confocal microscope. Chloroplasts were visualized by the natural fluorescence of chlorophyll.
RT-PCR
Semi-quantitative RT-PCR was used to estimate the transcript expression in various poplar organs i.e. roots, young and mature leaves, stems, petioles, fruits, stamen and female catkins. Total RNA was isolated with the RNeasy Plant Mini kit (Qiagen) from 100 mg of frozen tissue. To remove contaminating DNA, the samples were treated with DNase I (Qiagen). A total of 1 µg of RNA was converted to cDNA using reverse transcriptase (Qiagen). The PCR program used was as follows: 94°C for 3 min and 35 cycles of 94°C for 30s, 52°C for 45s, and 72°C for 90s. The primers used for these RT-PCR experiments are those designed for cloning the sequence of the mature forms of the proteins (supplemental Table I ).
Cloning and site-directed mutagenesis
The sequences encoding the mature forms of Trx-like2.1, -lilium2.2 and -lilium3 were amplified from a Populus tremula x tremuloides leaf cDNA library, of Clot and Trx-lilium1.2 from a Populus trichocarpa x deltoides root cDNA library and of Trx-like1 from a Populus tremula x tremuloides flower cDNA library, using the primers described in supplemental Table I.
In the case of Trx-like1 and Clot, the amplified sequence corresponded to the full-length protein.
For Trx-like2.1, -lilium1.2, -lilium2.2 and -lilium3, the putative plastidial targeting sequences were removed and the amplified fragment coded for proteins devoid of the first 73, 82, 79 and 69 amino acids respectively. After digestion with NcoI and BamHI, PCR fragments were inserted into the pET-3d expression plasmid. For this cloning, owing to the use of a NcoI restriction site, a codon for an alanine was added after the ATG start codon in the case of Clot, Trx-like1, Trxlike2.1 and Trx-lilium3. Site-directed mutagenesis was used to create variants for Trx-like2.1 (R43G/K44P and C45S) and for Trx-lilium3 (S84W, S87P and S84W/S87P) using two complementary mutagenic primers described in supplemental Table I . The amino acid numbering is based on the sequence of the mature forms expressed as recombinant proteins. The introduction of the mutation in the DNA sequence was verified by sequencing.
Production and purification of recombinant Trxs
The recombinant plasmids obtained were used to transform the BL21(DE3) pSBET strain of E. coli. The bacteria were grown to a final volume of approximately 2.4 L at 37°C, and protein production was induced during exponential growth phase by adding 100 µM isopropyl-b-β-thiogalactoside (Euromedex). The bacteria were harvested by centrifugation at 4,400 g for 20 min and then resuspended in buffer A (Tris-HCl 30 mM, pH 8.0, EDTA 1 mM, NaCl 200 mM).
Cells were disrupted by sonication, and all Trxs were found in the soluble fraction after centrifugation at 20,000 g for 30 min, except Trx-like1 which was completely insoluble. The soluble fraction was then precipitated with ammonium sulfate successively up to 40 and 80 % of the saturation and the precipitated proteins collected by centrifugation (20,000 g, 15 min). The protein pellet was redissolved in buffer A and the sample was loaded onto ACA 44 gel filtration column (Biosepra) equilibrated with buffer A. The proteins of interest were identified using SDS PAGE and Coomassie blue staining. The fractions containing the protein were pooled, dialyzed, and loaded on a diethylaminoethyl (DEAE) sepharose column (Sigma) equilibrated with buffer A without NaCl. The proteins were eluted using a 0 to 0.4 M NaCl gradient, selected based on the highest purity, dialyzed, concentrated and finally stored in buffer A at -20°C until further use.
Final purity was checked on 15% SDS-PAGE.
Determination of the midpoint redox potentials
Oxidation-reduction titrations were carried out at ambient temperature by measuring fluorescence resulting from the reaction between protein thiol groups and mBBr (Sigma) as previously described (Hirasawa et al., 1999) . The reaction mixtures contained 50 µg protein in 100 mM HEPES buffer pH 7.0, containing defined mixtures of oxidized and reduced DTT to set the ambient potential (E h ). Equilibration times of either 2 or 3h were used. The redox potentials (E m ) were calculated by fitting the curve to the Nernst equation for a single two-electron redox couple using GraphPad Prism version 4.0 and using an E m value of -327 mV for DTT at pH 7.0.
Reductase activity
The insulin reduction assay was carried out in a 500 µL reaction mixture containing 100 mM phosphate pH 7.9, 2 mM EDTA, 0.75 mg ml -1 bovine insulin, 500 µM DTT and 10 µM Trx at 30°C. The reduction of insulin was monitored as the increase in turbidity at 650 nm due to insulin precipitation. Non-enzymatic reduction of insulin by DTT was monitored in the absence of Trx.
The ability of Trxs to catalyze the reduction of DTNB (5, 
Reduction of Trxs by Fdx/FTR system
The reduction of oxidized plastidial Trxs by a NADPH/FNR/Fdx/FTR system was assessed by SDS-PAGE separation after alkylation with mPEG-maleimide (Laysan Bio, Inc) as described earlier (Chibani et al., 2011) .
Hydroxyethyldisulfide (HED) activity assay
A 500 µL mixture containing 200 µM NADPH, 0.5 unit GR, 500 µM GSH and 700 µM RT-PCR were performed from total RNAs extracted from roots (R), stems (S), young leaves (Yl), mature leaves (Ml), petioles (P), stamens (St), female catkins (Fc) and fruits (Fr). Trxh1
was used as a control as it has been shown to be constitutively expressed in all organs tested (Rouhier et al., 2006) . For these experiments, 35 PCR cycles have been used to amplify each Trx transcript from cDNA obtained from 1 µg of total RNA. ESI m/z spectra of an untreated (A) or GSNO-treated (B) Trx-like2.1 C45S sample have been obtained using a Bruker microTOF-Q spectrometer in denaturing conditions. From the multiply charged ion spectra initially obtained, we have focused on the peak with 15 charges on the ion.
The deconvolution of the ESI spectra indicated that the ion with a m/z of ca 935 amu (atomic mass unit) corresponded to a molecular mass of 14020 Da, the one with a m/z of ca 956 amu to a molecular mass of 14326 Da and the one with a m/z of ca 976 amu to a molecular mass of 14632
Da. The intensity of the signal is represented as an arbitrary unit. However, assuming that the different forms of the protein were identically ionized, the abundance of each species in the sample is well correlated to the intensity of each species on the ESI mass spectra. Black bars represent the catalytic efficiency (k cat /K Trx ) of the tested proteins in a typical thioredoxin assay measuring the capacity to reduce DTNB at the expense of AtNTRB. White bars represent the activity (expressed as nmol oxidized NADPH nmol -1 enzyme min -1 ) of the tested proteins in a typical glutaredoxin assay measuring the capacity to reduce a β -mercaptoethanolglutathione adduct using a glutathione recycling system. Only the proteins for which an appreciable activity was detected have been represented. The data are represented as mean ± SD of at least two separate experiments. ESI m/z spectra of an untreated (A) or GSNO-treated (B) Trx-like2.1 C45S sample have been obtained using a Bruker microTOF-Q spectrometer in denaturing conditions. From the multiply charged ion spectra initially obtained, we have focused on the peak with 15 charges on the ion. The deconvolution of the ESI spectra indicated that the ion with a m/z of ca 935 amu (atomic mass unit) corresponded to a molecular mass of 14020 Da, the one with a m/z of ca 956 amu to a molecular mass of 14326 Da and the one with a m/z of ca 976 amu to a molecular mass of 14632 Da. The intensity of the signal is represented as an arbitrary unit. However, assuming that the different forms of the protein were identically ionized, the abundance of each species in the sample is well correlated to the intensity of each species on the ESI mass spectra. (Broin et al., 2002; Collin et al., 2003; Collin et al., 2004; Rouhier et al., 2004; Rey et al., 2005; Moon et al., 2006; Navrot et al., 2006; Perez-Ruiz et al., 2006; Vieira Dos Santos et al., 2007; Couturier et al., 2009; Pulido et al., 2010; Tarrago et al., 2010; Chibani et al., 2011; Couturier et al., 2011) . New insights provided by this study, i.e. reduction of Trx-lilium2 and Trx-like2.1 by GSH and regeneration of PrxIIE and MsrB1 by Trx-like2.1, are highlighted by the use of grey boxes. Dotted arrows indicate that reduction of these Trxs by FTR is possible but not experimentally determined.
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